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lon energy distributions in inductively coupled radio-frequency discharges
in argon, nitrogen, oxygen, chlorine, and their mixtures
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We report ion energy distributions, relative ion intensities, and absolute total ion current densities at
the grounded electrode of an inductively coupled Gaseous Electronics Conference radio-frequency
reference cell for discharges generated in pure argon, nitrogen, oxygen, and chlorine, and in
mixtures of argon with B, O,, and C}. Measured current densities are significantly greater for pure
argon and for mixtures containing argon than for putg &,, and C}. For all three molecular
gases, the ratio of molecular ions to the fragment ions decreases when argon is added to the
molecular gas discharges. A possible destruction mechanism for the molecular ions involving
metastable argon is discussed. 1®99 American Institute of Physids$0021-89789)00309-9

I. INTRODUCTION densities are observed in chlorine-containing plasmas that
are attributed to subtle differences in the GEC reactors used
lon bombardment plays a key role in the plasma etchingn the different laboratories.
of semiconductor materials, and therefore determination of
the identity, flux, and engrgies of the ions striking the sur-, expERIMENT
faces exposed to etching plasmas has attracted much
interestt However, most of the investigations of ions in pro- A- GEC rf reference reactor

cessing plasmas have been applied to capacitively coupled pjasmas were generated in a GEC rf reference réa€tor
reactors, and only recently have investigations been extendgghgse upper electrode was modified to house a five-turn pla-
to high density plasmas generated in inductively couplethar rf-induction coil behind a quartz window to produce in-
reactors.”’ ductively coupled dischargé$.The reactor, along with the

In this article we present mass analyzed ion-energy dision-energy analyzer and mass spectrometer, are shown sche-
tributions (IEDs) and ion flux densities measured by a com-matically in Fig. 1. The feed gas entered the cell through one
bined ion energy analyzer-mass spectrometer that samplei the 2 3/4 in. side flanges and was pumped out through the
plasma ions through an orifice in the lower electrode of arg in. port attached to the turbo-molecular pump. The gas
inductively coupled Gaseous Electronics Conferef@EC)  pressure was maintained by a variable gate valve between
radio-frequency(rf) reactor. Data are presented for plasmashe pump and the GEC cell. The flow was maintained by
generated in pure argon, nitrogen, oxygen, and chlorine, anghass flow controllers at 7.45mol/s (10 sccm for all of the
in mixtures of argon containing 20%,NO,, or CL, by vol-  experiments reported here.
ume. It is shown for high density plasmas containing these The discharge was generated by applying a 13.56 MHz
molecular gases, that mass analysis of the ion flux is esseRoltage to the coil in the upper electrode through a matching
tial since the identities of the dominant ions are dependentetwork. The rf power values presented in this article are the
upon the plasma parameters. This is unlike many low densityiet power to the matching network driving the coil. The
capacitively coupled plasmas where the dominant ion isctual rf power dissipated in the plasma has been determined
nearly always the molecular iéh. to be approximately 80% of the powers listédThe lower

The GEC rf reference reactor concept was developed telectrode was grounded to the vacuum chamber.
facilitate the comparison of experimental plasma data be- |ons were sampled through a 18n diam orifice in a 2.5
tween different laboratories, and to help clarify the effect of yum thick nickel foil that was spot welded into a small
reactor design on plasma conditions. Earlier measuremengpunter bore in the center of the stainless steel lower elec-
of ion-energy distributions have been made by researchers gbde. The lower electrode used here was similar to the modi-
Sandia National Laboratories for argon, chlorine, and argoried electrode assembly used in our previous investigations
chlorine plasmas in an inductively coupled GEC rf referenceof ion-energy distributions in a capacitively coupled GEC rf
reactor using a retarding potential analyZerThe results reactor*? For “standard” inductively coupled GEC cellg,
presented here are in reasonable agreement with these prewtie lower electrode is covered by a 0.32 ¢i8 in.) thick
ously published results in pure argon, but some significantainless steel plate that extends the diameter of the lower
differences in measured ion energies and relative ion fluglectrode to 16.5 cnt6.5 in). This is obviously not possible
for these experiments since it is necessary to sample ions
3Electronic mail: yicheng.wang@nist.gov through a hole in the lower electrode. Therefore, the lower
YElectronic mail: james.olthoff@nist.gov electrode used here was further modified to allow the place-
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gies. At each nominal energy, the recorded flux corre-

i

_ sponds to ions with energies in the range betweemles/2
S-tum col \\\ | Cuanz window and e+Ae/2 determined by the energy resolution of the in-
Stainless steel electrode ——__ | [ 001 strument. The ion flux recording times were the same for all
— mm - . . . .
Electron impact source T aperture energies, and the uncertainty in the energy scale is estimated
(for RGA operation) \\ﬁ%ﬁﬂf to be +1.0 eV.
Stainless steel tube —__| Extractor Past experience with the ion-energy analyZerdicates
E :\ that the ion transmission is uniform over the ion-energy
I I ranges observed here when tuned properly. The mass depen-
T Fieltreo dence of the transmission of the quadrupole mass spectrom-
| = drift region eter was determined in two ways. First, by comparing the
fon optics El _— Electrostatic electron-impact mass spectrum taken of sulfur hexafluoride
— Analyzer (SFs) with a standard mass spectrum of this §aghis is a

convenient way of determining the mass transmission since

SFK; has equally spaced peaks over a mass range from 32 to

127 u. Second, ion-energy distributions were measured for

ions sampled from different rare gas plasniiie, Ar, Kr,

and Xe at the appropriate power settings such that the total

;ﬂﬁﬁg ion current was constant in each case. A plot of the ion mass

versus the mass spectrometer response provides the transmis-

sion curve(one must account for the isotopes of the rare

gases Both methods produced analogous curves that

Conversion dynode showed that the mass transmission was uniform up to 40 u.
For ions with mass greater than 4@anly Cl; for the gases

FIG. 1. Schematic diagram of the inductively coupled GEC rf referencestudied hergthe absolute measured intensities were adjusted

reactor with the ion-energy analyzer and mass spectrometer appended to thg prescribed by the transmission curve.

modified lower electrode. For total ion current measuremerits., all ion current

passing through the sampling orifjc¢he ion optic elements

éat the front of the ion-energy analyzer were biased such that

ment of a flat, 0.32 cm thick, stainless steel ring around th Il of th rrent ina throuah th moling orifice W
outer edge of the electrode that extended the effective ele@' 0! € current passing throug € sampling orifice was

trode diameter from 10.2 to 16.5 cm without covering thecollected on the extractor elemdtite first ion optic element

center of the lower electrode. The spacing from the surfacQehInOI the electrode surface; see Fig. The total current

of the quartz window in the top electrode to the surface ofCO"eCted on the extrac_tor element was measured with an
electrometer. The magnitude of the measured current went to

the lower grounded electrode was 4.13 cm. The lower elec‘ero when the plasma was off, thus indicating that the source
trode was not water cooled, so care was taken not to run the P ! 9

. : . of the measured current is ions being sampled from the
lasmas at high power for extended periods of time. . -
P ghp P plasma. The absolute intensities of the IEDs were scaled to

the measured values of the total ion current. The ion flux
B. lon energy and mass analyzers densities presented here were derived by dividing the total

The mass spectrometer with ion-energy analyzer usef1€asured ion current by the area of the /4@ diam sam-
here is the same instrument used to measure ion-energy diging hole.
tributions in a capacitively coupled GEC rf reactérand in
high pressure dc Townsend discharffeﬁriefly, ions are |II. RESULTS AND DISCUSSION
sampled through the 18m diam orifice in the center of the
grounded electrode. For IED measurements, the ions thgt' Argon
pass through the orifice are accelerated and focused into a The total ion flux densities measured in the present ex-
45° electrostatic energy selector. After being selected agperiments for argon discharges at 100 and 300 W and pres-
cording to their energy, the ions enter a quadrupole rf massures ranging from 0.34 to 6.67 Pa.5 to 50 mTory are
filter where they are also selected according to their mass-taghown in Fig. 2(solid symbol$. These data indicate increas-
charge ratio n/z). The system is operated so that ions al-ing ion current with increasing gas pressure for both power
ways pass through the energy and mass selectors with thevels, in agreement with previous measuremértse error
same kinetic energy regardless of their initial energy uporbars for our data represent a single standard deviation calcu-
entering the sampling orifice. The energy resolution of thdated from eight measurements made over the course of sev-
selector was fixed at a value ak=1 eV, full width at half  eral weeks, and indicate that the measurements are reproduc-
maximum(FWHM). A channeltron electron multiplier with ible to within approximately+10%.
associated pulse counting electronics served as the ion detec- Previous measurements of the current density as a func-
tor of the mass filter. The recorded IEDs correspond to fluxesion of pressure by Woodwortt al? are shown by the open
(ion counts per secondecorded for ions incident on the symbols in Fig. 2. Our data shown in Fig. 2 exhibit pressure
grounded electrode surface with fixedz at different ener- and power dependencies that agree with the previous mea-

lon gauge port

Detector

Quadrupole mass spectrometer
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Pressure (Pa)

FIG. 2. Measured total ion flux densities for inductively coupled argon
plasmas as a function of gas pressures at 300 and 100 W. The solid symbols
are the data obtained from the present experiments, and the open symbols
are previously published data of Woodwomrth al. (see Ref. | also ob-
tained on a GEC f reference cell.
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surements, but the magnitude of the ion flux densities mea-
sured here are as much as 30% below those measured by lon Energy (eV)
V\(OOdWOI’th?t al® There a_re many possible reas‘?”s for thes%lG. 3. Kinetic energy distributions of Ar ions from an inductively
differences including(l) different electrode spacings due to coupled argon plasma at the pressures indicated and for applied rf powers of
differences in the way the stainless steel plate was added te 300 W and(b) 100 W. lons were sampled at the lower, grounded elec-
the lower electrode(2) minor differences in the coil geom- trode of a modified GEC rf reference cell.
etry and position due to inconsistencies in the fabrication
process;(3) different power coupling efficienciess) tem-
perature effects due to the use of an uncooled lower electrodductively coupled plasmassimilar to IEDs measured from
in the present experiment5) unquantified changes in the capacitively coupled plasmas under collisionless sheath
surface conditions of the electrodes due to sputtering andonditions'? The mean ion energy decreases with increasing
deposition;(6) differences in the radial distributions of the pressure, but the FWHM is nearly constant as the pressure
ion flux density that affect the density at the center of theand power are varied. The FWHM measured here is approxi-
electrode;(7) uncertainties in pressure measurements; andnately 3.1 eV, which is slightly greater than the 2.8 eV
(8) general uncertainties from extrapolating a flux densityobserved by Woodwortkt al® on their GEC cell, and indi-
from an ion current measured through a small orifice. cates a larger degree of capacitive coupling between the caoil
Using the same GEC cell as utilized in these experi-and the plasma in our reactor. As was evident in Fig. 2, the
ments, Sobolewski measured the dc ion saturation currention flux densities are significantly lower for the 100 W dis-
at the lower electrode, and obtained an ion flux density of 1Zharge than for the 300 W discharge.
mA/cn? for an argon plasma at 1.33 Pa and 350 W. This  The mean energies of the IEDs in Fig. 3 correspond to
value is in general agreement with both our and Wood+the plasma potential\{y) of the inductively coupled dis-
worth’s measurements at 300 W when one takes into accourcharge. Figure 4 shows a plot of the plasma potentials, de-
the nonuniformity of the discharge across the electrodesived from the measured IEDs, as a function of pressure for
(Sobolewski’s measurements are an average current densit0 and 300 W plasmas. As was previously obsePve:
for the entire electrogeand the different powers used. In plasma potential is nearly independent of power, indicating
general, considering the possible differences between the difhat for the plasmas studied here the input power controls the
ferent GEC cells, agreement within 30% can be consideredlectron density but not the mean energy of the electrons.
reasonable. In fact, initial measurements of electrical param-However, the plasma potential is highly dependent upon gas
eters made on capacitively coupled GEC cells to determinpressure withV, decreasing with increasing pressure. This
reproducibility exhibited similar levels of agreemént. decrease can be attributed to a decrease in the electron ener-
Figure 3 shows the measured ion-energy distributionglies as the pressure increases. The plasma potentials at
for Ar* ions sampled from argon plasmas for pressures rang300 W measured by Woodwortt al® (shown for compari-
ing from 0.34 to 6.7 Pa and powers of 100 and 300 W. Theson in Fig. 4 exhibit the same general pressure dependence,
magnitude of each of the IEDs has been normalized to théut are somewhat higher in magnitude than those measured
total ion currents shown in Fig. 2. Aris the dominant ion in  here, particularly at the lower pressures. Measurements of
the argon plasmas studied here, with*Araccounting for the plasma potentials in argon plasmas performed previously
less than 2% of the ion signal and no,Abeing detected. on our GEC celt® using a Langmuir probe, are 1-2 eV
The ion-energy distributions in Fig. 3 exhibit the relatively higher than those measured by Woodworth. These apparent
narrow shape observed previously for ions sampled from ininconsistencies again illustrate the potential for plasma varia-
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FIG. 4. Plasma potentials determined from the mean energies of measured 10 1 \o\o Total
IEDs for inductively coupled argon plasmas at 100 and 300 W as a function TTTTT——— o
of gas pressure. Shown for comparison are similar ¢&taobtained on a i
different GEC cell(see Ref. & ‘“A\ Ar'
5- A\A\A\A
+
. . . . . . l ".:a 2o 2 2
tions in plasmas that are generated in ostensibly identical N n
reactors, and allows another quantification of the degree of 0 . . , . : :
reproducibility that can be expected. These differences in 0 2 4 6

plasma potentials can be attributed to many of the causes
listed above for the differences observed in ion flux densi-
ties, but the most Iikely causes are differences in surfac€&!G. 5. Absolute ion flux densities at the grounded electrode for 300 W

conditions (such as surface charging, differing Second(f:u,yinductively coupled plasmas ii@) pure N, and in(b) a mixture(by volume
- . .0f 20% N, with argon. The open symbol€X) are the total ion flux densities

electron a_nd photoemltted electron ylelds, and changes IE‘erived from the total current measurements. The closed symbols are deter-

work functiong. mined from the relative intensities of the measured IEDs for each ion scaled

to the total flux densities:@) N5 , () N*, and (A) Ar™.

Pressure (Pa)

B. Nitrogen and Ar:N , mixtures

Figure 5a) shows the ion flux densities at the groundedthe densities observed in pure argon than in pure nitrogen.
electrode for 300 W inductively coupled plasmas generatetHowever, the magnitude of the total ion flux exhibits a
in pure nitrogen for pressures ranging from 0.34 to 6.7 Palownward trend as the pressure increases, contrary to that
(2.5 to 50 mTory. The open symbols represent the total ionobserved in pure Ar but similar to that observed in puge N
flux density measured using the technique described in Sec. The dominant ion detected from the argon-—nitrogen
[I B. The total ion flux is significantly lower in pure Nthan  mixture is Ar". The nitrogen ions exhibit significant, but
in argon at all pressures, by more than a factor of 10 at themaller, intensities. Interestingly, the measured intensities of
highest pressures. This corresponds to comparably lowehe N; and N' ions are nearly equal for the mixture, in
electron densities observed i Mlasmas compared to those sharp contrast to the relative intensities of these ions in pure
measured in argon plasm¥dn further contrast to the argon nitrogen. The decrease of,Non flux relative to N may be
data, the ion flux density for Nplasmas decreases with in- due, in part, to the presence of argon metastable species
creasing pressure. (Ar*) in the discharge. Ar(3°P,) has a static

The solid symbols in Fig. @) represent the relative con- polarizability!” of 323 aﬁ (nearly 30 times that of ground
tributions of the N' and N ions to the total ion flux density. state A),'® and thus would be expected to have a strong
The Ny ion is the dominant ion at all pressures, with N long-range interaction probability with;Nand N*. The cor-
accounting for 20%—25% of the total ion flux. While thg N responding Langevin orbiting rate coefficients would be
flux dominates the total ion signal, the relative magnitude ofequal to 4<10°° and 5< 10 ° cm’/s, respectively, for Bl
the N* flux compared to the N flux with the inductively —and N'.
coupled plasma source is significantly greater than that ob- For N* reacting with A¥, the charge transfer process,
gerved in capa}gltlvely coupled GEC ce£1IAd+d|t|0naI+Iy,. un- N*+Ar* - N+Ar,
like for capacitively coupled plasmas, no; Nor N, ions
were observed here, presumably due to the lower gas preis the only available reaction. For;N several energetically
sures and correspondingly lower probability of three-bodyallowed reactions are possible
collisions in the inductively coupled plasmas.

+ * +
Figure 8b) shows the total ion flux for an inductively Np +Ar=Np+Ar,
coupled plasma sustained in a 20%:80% Ar mixture at N;+Ar*—>N+ N+ArT",
300 W as a function of gas pressure. The total flux density is N .
observed to be significantly greater in the mixture, closer to Nz +Ar* —N+N"+Ar, Y
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ductively coupled plasmas in pure, INa) and(b)] and in a mixture of 20% 101 ‘A\‘\A Ar A/‘
N, in argon[(c) and(d)] for the pressures indicated. q
5- o
]
. . : g —¢—o— 5+ *
each of which destroys a;Nion, and one of which generates ‘ . ‘ [ 2
a N ion. The energetics of these reactions allows them to 0 2 4 6

take place within the glow of the discharge, and the multiple
reaction pathways for interactions of, Nwith Ar* may lead
to an efficient destruction mechanism fog NNo informa-  FiG. 7. Absolute ion flux densities at the grounded electrode for 300 W
tion on the cross sections or branching ratios of these intefinductively coupled plasmas i) pure Q and in(b) a mixture(by volume
actons s presently availabe Servestom e o] oo ey T s yoon e
InteraCtlon,S betw_een metastable arg?” aEdTNle_CUIeS mined from the relative intensities of the meaéured IEDs foryeach io?]rescaﬁeilr
are also possible, with the only energetically possible reacy the total flux densities:®) O; , (M) O*, and (A) Ar* .
tion resulting in the dissociation of Ninto two N atoms.
However, this process is not expected to play a significant
role in the plasmas studied here since earlier measuremeniswer than those measured from pure nitrogen, exhibiting a
indicate that the degree of dissociation of nitrogen in similarFWHM only slightly larger than for pure argon. This is con-
N,:Ar plasmas is smalt? Penning ionization is not energeti- sistent with the larger electrotend ior) densities of the
cally allowed. argon-containing plasmas, as discussed in the previous para-
The ion-energy distributions for Nand N* from pure  graph. The mean energies of the IEDs are nearly identical to
N, are shown in Figs. @) and &b), respectively. The IEDs the plasma potentials shown in Fig. 4 for pure argon.
for N, and N" are similar in shape, and as expected, exhibit
nearly the same mean energies. The IEDs in the pure nitros
gen discharge are significantly broadétWHM=6.8 eV)
than the IEDs for Af in pure argon, and exhibit a barely Figure & shows the ion flux densities at the grounded
resolved “saddle structure” or splitting. In a capacitively electrode for 300 W inductively coupled plasmas generated
coupled discharge, this splitting would be indicative of thin-in pure oxygen for pressures ranging from 0.34 to 6.7 Pa.
ner sheaths in nitrogen than in argon, but in fact the opposit&he total ion fluxegshown by open circlgsn pure G are
is true. The lower ion currents measured in nitrogen, comeomparable to those in puresNand are significantly less
pared to argon, indicate that the plasma density is lowerthan in pure argon for all pressures. This is consistent with
which implies larger sheaths in nitrogen. The larger sheathseasurements of electron densities showing magnitudes for
result in a greater capacitive voltage drop across the ground, and G that are comparable to each other but significantly
sheath which broadens the ion energy distribution in nitrogefelow measured electron densities in argdiihe total ion
compared to argon. The saddle structure is more pronouncdliix does not present a clear trend as a function of pressure,
in the IEDs for N* than for N; , due to the shorter transit exhibiting a minimum between 2 and 4 Pa.
time across the sheath for'Nesulting from its lighter mass. The solid symbols in Fig. (8) represent the relative con-
The mean energies of the nitrogen IEDs are approximately &ibutions of the @ and O' ions to the total ion flux density.
eV higher than those measured for argon, indicating correSimilar to Ny , the O, ion is the dominant ion at all pres-
spondingly larger plasma potentials and higher electrorsures, with the atomic ion Oaccounting for between 20%
temperature® and 40% of the total ion flux. While the JOflux dominates
The ion-energy distributions for Nand N* from mix-  the total ion signal, the relative magnitude of thé @ux
tures of 20% N in argon are shown in Figs(® and d), compared to the D flux with the inductively coupled
respectively. The IEDs for these ions are significantly narplasma source is significantly greater than observed in ca-

Pressure (Pa)

C Oxygen and Ar:O , mixtures
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pacitively coupled GEC celf$ Additionally, unlike for ca- e e S —
pacitively coupled plasmas, nojOor O, ions were ob- 0 2 4 6 8 10

served due to the low probability of three-body collisions at
the pressures studied here.

Figure 1b) shows the total ion flux for an inductively FIG. 9. Absolute ion flux densities at the grounded electrode for 300 W
coupled plasma sustained in a 200/9:% Ar mixture at inducgively cqupled plasmas i@ pure C} andin(b)amixtur_e(byvolume)_
300 W as a function of gas pressure. The total flux density iﬁf zodA’ -Cb(\jN ';h argon. The open symbol-) are the total jon flux densi-

es derived from the total current measurements. The previous data of
nearly constant at lower pressures, exhibiting a small inwoodworthet al. (see Ref. §are shown for comparisofi). The closed
crease with increasing pressure above 3 Pa. As for the,Ar:Nsymbols are determined from the relative intensities of the measured IEDs
mixture, the magnitude of the total ion flux density for thefor+each ion scaled to the total flux densitie®@)(CI; , (l) CI*, and (A)
mixture with argon is significantly greater than for the pure '
molecular gas.

The dominant ion detected from the argon mixture is
again Ar". The oxygen ions exhibit significant, but smaller, gies of the IEDs are nearly identical to the plasma potentials
intensities. In contrast to the ArjNmixtures, and to the pure shown in Fig. 4 for pure argon.
oxygen plasmas, Ois the dominant ion from the molecule,
accounting for nearly twice the ion flux as;Cat all pres-
sures. Reactions with metastable argon, similar to those pro-
posed for nitrogen in the previous section, are expected t
exist for oxygen, and may account for the relative increase in
O* flux with the addition of argon to the oxygen plasma. electrode for 300 W inductively coupled plasmas generated

The ion-energy distributions for Dand O from pure  in pure chlorine for pressures ranging from 2.7 to 6.7 Pa. The
O, are shown in Figs. @) and 8b), respectively. The IEDs magnitude of the total ion fluxshown by open circlgsin-
for O; and O are similar in shape, and as fop, Nexhibit  creases with pressure, and while smaller than pure argon, is
nearly the same mean energies. The widths of the IEDs fromignificantly greater than measured in pure nitrogen or oxy-
pure oxygen discharges are broadewwHM=5.0 e\) than  gen. The present measurements are in excellent agreement
the IEDs for A" in pure argon, but narrower than observedwith previous measuremefitef total ion flux density in in-
for IEDs from nitrogen. At the highest pressures the IEDsductively coupled chlorine plasmas in a GEC cell. This con-
exhibit some evidence of splitting, with *Oshowing the sistency may be fortuitous because of the significant changes
greatest effect due to its lighter mass. This is consistent witln surface conditions that are commonly observed in chlorine
increased capacitive coupling across the ground sheath comdischarge$;*° which make it difficult to ensure that identical
pared to argon plasmas, as observed in pyrelBlsmas. The conditions exist in two different reactors.
mean energies of the oxygen IEDs are approximately the As can be seen in Fig.(8, the ion flux consists almost
same as those measured for argon. entirely of CI* at all pressures, with almost no contribution

The ion-energy distributions for Dand O from mix-  from Cly . This is the first diatomic molecule investigated
tures of 20% @ in argon are shown in Figs.(® and &d), here for which the fragment ion flux generated in a discharge
respectively. The IEDs for these ions are clearly narrowenf the pure gas exceeds the parent ion flux. Interestingly,
than those measured from pure oxygen, exhibiting a FWHMNoodworthet al” observed nearly equal intensities of,Cl
slightly narrower than for pure argon. Again, the mean enerand CI" ions in a pure chlorine discharge at 200 W, which is

Pressure (Pa)

. Chlorine and Ar:Cl , mixtures

Figure 9a) shows the ion flux densities at the grounded
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compared to argon, with the IEDs for Clexhibiting more
broadening due to their lesser mass. The previously pub-
lished IEDs of Woodworttet al® in pure chlorine are similar
in shape to those shown here, but the values of the mean
energies of the IEDs differ by as much as 5 V, with our
values being higher.

The ion-energy distributions for ¢land CI" from mix-
tures of 20% CJ in argon at 300 W are shown in Figs.(&D
and 1Qd), respectively. The IEDs for these ions are narrower
than those measured from pure chlorine. The mean energies
of the IEDs for discharges above 2.7 Pa are similar to those
measured in pure chlorine, and in general are several eV
higher than the plasma potentials shown in Fig. 4 for pure
argon. Agreement with the mean energies presented previ-
ously by Woodwortret al.” is poor, with our values being 5
eV higher at 6.7 Pa increasing to 10 eV higher at 0.67 Pa.

Many models of chlorine-containing plasmas have been
published, but a direct comparison with the experimental
data is often difficult due to differences in assumed reactor

in apparent disagreement with the results presented here, aggometries and plasma conditions. However, for models that
is most likely attributable to differences in surface condi-calculate ion flux densities, a qualitative comparison is use-
tions. ful. Two models by Kushner and co-workéts! of induc-
Figure 9b) shows the total ion flux for an inductively tively coupled plasmas in Ar:Gimixtures predict that Gl is
coupled plasma sustained in a 20%/80% Ar mixture at the dominant ion, in apparent contradiction with the mea-
300 W as a function of gas pressure. The total flux densitpurements presented here. A model by Wise, Lymberopoulos
increases as a function of pressure, consistent with othéind Economotf predicts that the dominant ion in a high
measurements made for AryChixtures at 200 W, and  density, rf, chlorine plasma will depend upon pressure and
similar to the measurements made here in mixtures of argowall effects, with CI" generally being the dominant ion at
and oxygen. The magnitude of the total ion flux measuredow pressures. Another model by Lymberopoulos and
here is approximately 30% greater than reported previduslyEconomo@® predicts that the Cl flux in a pure C} induc-
at 200 W. tively coupled plasma will exceed the CHux by an order
As for the other mixtures, the magnitude of the total ionof magnitude, similar to that observed here. These disparate
flux density for the mixturgAr:Cl,) is greater than for the results indicate the obvious need to model similar reactor
pure gagchloring. However, the difference is smaller in this geometries, but also indicates that there may be significant
case than for nitrogen or oxygen. The dominant ion detectedifficulties in modeling CJ plasmas because of the potential
from the argon-chlorine mixture is €] in contrast to the impact of unquantifiable surface conditions.
other mixtures for which At was clearly the most abundant
ion for all plasma conditions studied. The,Cion accounts
for only a very small fraction of the ion flux detected from
the Ar:ClL, mixture at all pressures, with the relative intensity The results presented here for inductively coupled argon
of the molecular ion again decreasing significantly with theplasmas, including ion energy distributions, mean energies,
addition of argon to the discharge. The relative intensities oind absolute ion flux densities, are in general agreement with
the CI" and Ar" ions agree well with previous data taken for the previously published results of Woodworgh al> ob-
a 2.67 Pa plasma at 200 W, but the relative intensity of theéained on another GEC rf reference cell. This agreement vali-
Cl3 flux is again significantly below the results of Wood- dates both experiments, and provides a measure of the level
worth and co-workers. of agreement that can be expected in these types of measure-
As for nitrogen and oxygen, the decrease i, Gbn  ments on similar reactors.
intensity when mixed with argon may be attributed to reac-  The ability to mass analyze the ions striking the elec-
tions of the ions with metastable argon. Again, all reactiondrode surface allows a fuller understanding of the composi-
corresponding to those discussed in Sec. Il B are energettion of the ion flux and of the chemistry and physics occur-
cally allowed for chlorine. One potential difference betweenring within the plasma glow. For plasmas in purg e
chlorine and the other two molecular gases studied thése  dominant ion was the molecular ion;N with N* contrib-
and Q) is that Penning ionization is energetically possible.uting about 25% to the total ion flux. For plasmas in a mix-
However, the effect of Penning ionization is not clear fromture of argon and nitrogen, Arwas the dominant ion with
the present experiments. N, and N" exhibiting nearly equal intensities, and account-
The ion-energy distributions for Cland CI" from pure  ing for approximately half of the total ion flux. Similar re-
Cl, are shown in Figs. 1@ and 1@b), respectively. The sults were observed for the oxygen-containing plasmas, ex-
IEDs for Ch and CI" are similar in shape, each exhibiting cept that G exhibited a larger flux than Din the plasmas
some broadening indicative of increased capacitive couplingenerated in the argon:oxygen mixtures. The ion fluxes mea-

IV. CONCLUSIONS
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sured for the chlorine-containing plasmas exhibited signifi-challenging to quantify and control, make comparing experi-
cantly different behavior with Cl being the dominant ion ments and/or models of these types of discharges extremely
for all conditions studied here. The Cion flux was as much  difficult.

as an order of magnitude below the*Cllux in pure Ch
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